Abstract: This work presents an approach for measuring the results of mechanical stress in surgical training systems made of realistic artificial tissues. The measurement system is based on ultrasound sensory and is able to monitor deformations of structures. During the trained surgery, it is used to recognize deformations, tensions and damages of risk structures. The system was evaluated in a simulator for training discectomy of the lumbar spine. Within this simulator the system monitored the mechanical stress on the nerve roots. Evaluation results show that this kind of sensory could greatly enhance the feedback on the training performance of young surgeons.
Introduction
Nowadays young surgeons acquire most of their skills directly from more experienced surgeons. Busy clinical practice, however, leaves little time for this type of training in the OR. the question arises whether the current training principles remain applicable in the future. Innovative training concepts based on surgical simulators may be an alternative for improving the quality of medical education. In the past, many simulators were based on virtual reality [1] . But due to limiting aspects in realism and haptics, they are not widely accepted by clinical doctors. Therefore, the current research focuses also on patient-based models consisting of synthetic and biological materials. These models provide training with actual instruments using a more realistic workflow. In contrast to classical education, it is possible to collect model comparison values assessing the quality of the intervention using sensors in the model. Thus, it is possible to provide young surgeons with objective feedback. The basis of the work presented here is a simulator for the training of discectomy (removal of herniated discs) of the lumbar spine. It was developed as part of a two-year research project. For this simulator, an ultrasound sensor to determine the compression of nerve roots has been developed and validated. The prototype system sends a continuous ultrasound signal into one end of the tubular, air-filled nerve root model. An ultrasound receiver on the other end measures the signal. By evaluating the amplitude of the signal, a conclusion about the compression and the change in diameter can be drawn. Further statements such as the position of the compression or general traction stress on the root are not possible with this simple principle of measurement. In addition, the system must be extensively calibrated before each use and does not provide for high reproducibility. Therefore, the measurement system is upgraded in the course of this work to the pulse-echo method.
Methods
The basic idea of the pulse-echo-method is to induce a short ultrasound pulse lengthwise into the nerve root. The longitudinal wave travels along that root. It is partially reflected and transmitted at a narrowed location (Fig. 1 ). This is caused by the cross-sectional variation at that point. Figure 1 : Illustration of the Pulse-Echo-Method. The initial pulse (shown in blue) is coupled into the nerve root and travels longitudinally. The diameter is changed suddenly at the point deformation. This is induced by externally applied pressure due to the operative procedure. Because of the altered acoustic impedance, the wave is split into a reflection and a transmission part.
The reflected pulse inherits an amount of energy directly related to the change in diameter, hence, it is a measure of the deformation. Furthermore, it is possible to calculate the exact position of the deformation by measuring the time between sending and receiving, using the temperaturedependant sonic speed and simple kinetics. The architecture (Fig. 2) is comparable to common sonographic devices. Theoretically, one ultrasound capsule should be sufficient for both, transmission and reception. The H-bridge manages the connection to the corresponding circuit. The goal is to use the transmitter in the very moment of transmitting and the receiver in the very moment of receiving a reflected pulse without affecting each other. Hence, one ultrasound transducer is sufficient as sensor and actor. As an extension, a second ultrasound transducer was added at the opposite site of the root model. This enables us to measure the transmitted pulse and draw additional conclusions. For example we are able to measure the longitudinal tension of the nerve root an we can detect damages in the outer skin of the root caused by the surgery. It also simplifies the automatic calibration of the measurement system. Figure 2 : System Architecture. The control of the analogue circuitry and the analysis of the measured data is done by a Cortex-M4 microcontroller with DSP functionality. A standardized bus-system enables the readout of the collected data for further use.
The H-bridge consists of several analogue switches and is controlled by a microcontroller-unit. That unit also defines the critical time basis for the pulse-echo-method. Amplifier stages are facilitated to implement the transmitter and receiver. The gain of the receiver is programmable. An equal effect is achieved within the transmitter by using different amplitudes for the signal generated by the DAC (DigitalAnalogue-Converter) of the microcontroller. One temperature sensor is the basis for calculating the sonic speed.
Results
The experiments undertaken with the prototype system generated promising results. One period of a pulse-echowaveform is presented in Fig. 3 . It is possible to identify the received pulse inside the waveform (in red). There is a non-linear relationship between that pulse and the total amount of cross-sectional reduction. Further measurements and simulations must identify that relationship according to the surgical application. This is necessary to enable the software for interpreting the measured waveforms automatically. The time deviation between transmitted and reflected pulse is directly related to the location of the deformation. One drawback of the system is the prolonged waveform after switching between transmission and reception. This so called Blanking Zone is the result of the post-pulse oscillation of the ultrasound transducer and the excitation of that transducer through reflected parts of the transmitted signal through the casing. It is not possible to receive and interpret any kind of reflected signals in this time. The problem is amplified by the use of bigger and cheaper ultrasound capsules (usually with a frequency of 40 kHz). Those require a coupling with a higher cross-sectional change. The change is caused by the transition of the 16 mm transducer to the diameter of 6 mm at the nerve root model. The occurring reflection effect widens the Blanking Zone. Hence, the range in which deformations can be detected is even more restricted. Requirements concerning the electronic circuit itself were high as well. As Noise and disturbances caused by the highfrequency controller and the high amplitude of the transmission can easily lead to crosstalk into the high-gain receiver.
Discussion
The measurement method has proven to be an efficient and universal system for detecting deformations in artificial tissue structures. Evaluations during a previous project [2] confirmed both, the usability of the sensor data for training, as well as a strong demand from physicians for an objective training feedback. The next generation of the discectomy generator presented here is being developed for production. Future scientific work will focus on the usage of the collected sensor data as different scenarios are imageable. They range from active acoustic or visual feedback during training to the combination with video recordings for subsequent training evaluation. Other work will try to determine whether it is possible to recognize the current status of the training operation from certain events within the sensor data. This would be an important step in order to actively and automatically control certain situations within the Situs. It might even be possible to train without intensive supervision by an experienced surgeon.
